Over a decade since the first printed oxide transistor has been reported, printed oxide electronics is now becoming emerging technologies for realization of flexible, large-scale, low-cost electronic devices and systems. This chapter summarizes recent progress in the development of low-temperature solution-processable functional oxide materials and devices, and it also addresses critical challenges for the fundamental understanding and practical implementation of complex oxides in devices. The first part of this chapter gives an overview of the development of functional oxide inks such as semiconductors, conductors, and dielectrics. The second part discusses high-resolution printing technologies and some applications of printed electronics to exemplify their potential.
General introduction
Oxide materials have become high-tech functional materials beyond their traditional role as dielectrics. They show a rich variety of complex emergent behaviors, such as memristive effect [1] , catalytic activity [2] , and complex multiferroic effects [3] . The discovery of new metal oxides with interesting and useful properties continues to drive much research in chemistry, physics, and materials science. The physicochemical properties of oxides can be tuned through variation of factors such as composition, temperature, pressure, strain, external fields, defects, film orientation, and nanoparticle size [4] [5] [6] . Structure-property detailed analysis and understanding of the physicochemical properties of the oxides are prerequisites to improve their properties and to spur development of new oxide materials.
Among the various process technologies, solution process has many advantages, not only simple and low-cost process but also homogeneity and excellent composition control and high throughput [7] . Oxide solutions are generally synthesized using functional metal precursors in solvents and deposited on substrates by various coating methods. The coated oxide gels were pre-annealed to remove the solvents and post-annealed to develop active layers. Design of metal oxide precursor solutions (metal composition, metal precursor, chelating agents, etc.), treatment of intermediate oxide gels, and annealing techniques are of paramount importance for controlling and improving structural and opto-electronic properties of final oxides.
In this chapter, we review the progress in solution-processed functional oxide thin films produced at a low temperature and highlight the critical challenges for the fundamental understanding and practical implementation of complex oxides in devices.
Low-temperature solution-processed oxide dielectric thin films

Introduction
In this section, we focus on the low-temperature solution deposition of high-quality oxide dielectric thin films for the fabrication of active electronic devices such as thin-film transistors (TFTs). Highly stable oxide dielectric materials are of paramount importance as implemented through sophisticated additive processing with the other components of a TFT. However, compared to vacuum-based deposited oxide films, solution-processed counterparts are generally found to be inferior due to their deposition, metal precursors, morphological characteristics, and performance limitations. Although realizing capabilities to print and integrate solution-processed device-quality oxide dielectrics poses a very significant challenge, success is very likely to open many opportunities in fabricating active electronics as well as in providing new approaches to the production of various unique optical and optoelectronic devices. In addition, solution processing of oxide dielectric thin films at a temperature well below 300°C, which likely opens the door to flexible electronics, has remained challenging. By various approaches including tailoring precursor solution or functional solution chemistry, deposition, annealing/heating profile, activation of amorphous film, such as photo-assisted annealing (UV), solvothermal synthesis, and so on, low-temperature solution-processed oxide dielectric thin films have become possible now.
tunneling for very thin films. In this regard, it is useful to consider the important film features and performance metrics that will produce an optimal gate dielectric. The following are general requirements for a good dielectric film: large relative dielectric constant (>10) and small leakage current density (<10 nA/cm 2 at 1 MV/cm), low-dielectric loss (tanσ < 0.01), and large breakdown field (>4 MV/cm) to preserve the device function as shown in Figure 1(a) . In addition, high-mechanical strength, low-thermal expansion, low-water adsorption quality, and high-chemical inertness properties are highly desired. It is worth noting that the transistor mobility strongly depends on the quality of semiconductor/dielectric interface. A dielectric with a rough surface would result in irregular semiconductor/dielectric interface, impeding the flow of charges through the semiconductor. Thus, atomically flat dielectric film surface is essentially required. To achieve the necessary leakage current and breakdown field, films must be as dense as possible and exhibit no pores or cracks. Both from the perspective of surface smoothness and the need for high-breakdown field and low-leakage current, films with amorphous structure are generally preferred for the fabrication of gate dielectric layers.
Because of the challenges in producing such insulators through solution methods, most solution-processed oxide TFTs [11] [12] [13] [14] [15] [16] [17] have been fabricated by using binary oxide gate insulators formed through vacuum-based depositions. Although binary oxides will continue to be used for TFT gate dielectric applications, they do not represent an optimal approach to realizing high-performance devices. Generally, binary oxides tend to crystalize [18] [19] [20] at relatively low-process temperatures, resulting in enhanced impurity interdiffusion and high-leakage currents due to formation of grain boundaries. Two most important prerequisites of oxide One approach to the production of high-performance dielectrics relies on the use of mixed multiple-component oxides. These oxides provide convenient means for controlling the dielectric constant and breakdown field through incorporation of components that specifically contribute to either dielectric constant or breakdown. Furthermore, amorphous phase can be stabilized by mixing multi-components, resulting in the films with extremely flat surfaces. Common binary oxides used for tuning these properties are listed in Table 1 [20, [22] [23] [24] [25] [26] .
To meet the performance requirements of gate dielectrics in TFTs, multi-component oxides can be produced by strategies as illustrated in Figure 1( The presence of sharp dielectric interfaces in such structured materials provides a means to improve dielectric-breakdown fields. Finally, a compositionally graded material dominated by a high-dielectric-constant material at the metal-insulator interface and a high-band-gap material at the dielectric-semiconductor interface provides an additional alternative.
Producing high-quality films from solution
The fundamental challenges in depositing oxide thin films from solution are associated with the processes of conversion of soluble precursors into dense solids. Thus, understanding the structure of metal-organic precursors in solution and their effects on processability and on the final structure and properties of the oxide is the key to the production of high-quality oxides. Although improvements of solution-processed oxide dielectrics reported so far are impressive, many of them exhibit porous structures with coarse morphologies indicating that proper 
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chemistries have not been utilized. By placing greater emphasis on conversion pathways from precursor to oxide, low-energy reactions should be devised that allow condensation to proceed uniformly. Especially for electronic applications, thin oxide films must retain density, homogeneity, and uniformity during condensation.
It was found that hybrid clusters, having inorganic cores coordinated by organic ligands, are the typical form of metal-organic precursor structures [32] . The study has shown that solvothermal synthesis of the precursor results in significantly improved insulating properties (e.g., two orders lower leakage current) of high-temperature annealed oxide films. We put emphasis on the structural analysis of the cluster precursors and annealed solids and relate the results to the significant improvement of properties by solvothermal treatment of solutions. A change in the cluster core toward structural unification can be brought about by the solvothermal treatment, leading to higher uniformity and higher stability of clusters. The final structure of the material maintained the features of the core structure in solution, even after annealing at high temperatures. These results demonstrate the key role played by designing cluster structure in solution. In addition, improved synthesis of the cluster precursor under solvothermal conditions leads to low-temperature deposition of oxide insulating films at below 200°C. Based on these strategies, we have designed and succeeded in producing various highquality oxide dielectric films including lanthanoids-zirconium-oxide systems (Ln-Zr-O, Ln = La, Ce, Nd, Sm, Gd, Ho, Tm), Hf-Zr-O, Y-Zr-O, Hf-Ta-O, La-Ti-O, and Hf-La-O. As a typical example, detailed studies on La-Zr-O system will be shown in the following part with a focus on the structural analysis of the cluster precursor under solvothermal conditions.
Hybrid cluster precursors of the La-Zr-O insulator for transistors
Both lanthanum oxide and zirconium oxide are typical high-κ materials, having dielectric constant values in the range of 20-30. However, lanthanum oxide is hygroscopic, and both oxides are polycrystalline. Addition of Zr to La-O to create insulating LZO system with a dielectric constant in the range of 20-25 exhibits diverse chemistries in solution and resists crystallization in the solid phase. The LZO dielectric has shown some excellent properties in all-oxide TFTs [33] [34] [35] , but leakage needs to be further suppressed and a processing temperature that is compatible with plastic substrates is highly desirable. Analyses of structures of solutions, gels, and solids by various characterizations have revealed a close structural relationship between the clusters in the solutions and the final solids even after annealing at high temperatures [32] .
The synthesis of LZO precursor solution is summarized in Figure 2 . First, lanthanum (III) acetate (La(OAc)) and zirconium (IV) butoxide solution (Zr(BtO)) were each dissolved in appropriate amounts of propionic acid (PrA) to produce La and Zr solutions. After that, the two solutions were mixed to obtain LZO mixtures with La/Zr molar ratios of 3/7 (LZ37) or 5/5 (LZ55). For solvothermal treatment, the LZO mixtures were sealed in an autoclave (AC) container and heated at 160-180°C for 2-5 h with magnetic stirring. The precursor solutions were spin coated on Pt/Ti/SiO 2 /Si substrates, followed by annealing at 200-500°C in oxygen.
The thermal behaviors of precursor solutions were analyzed by thermal-gravity differential thermal analysis (TG-DTA) (Figure 3) . Comparing LZO solutions with and without solvothermal treatment, we have observed three key features: (1) the decomposition temperature of the organic components was affected by the solvothermal treatment, i.e., evolution from multiple, different cluster structures toward a single cluster structure, leading to a more uniform and stable cluster structure. (2) Both the La-only and Zr-only precursors 
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showed decomposition temperatures higher than those of LZO precursors, indicating that the La and Zr components were not simply mechanically mixed, even before solvothermal treatment. (3) The residual masses after TG analysis were quite different for solvothermally treated precursor solutions, representing the variation in the inorganic and organic contents in the precursors. Therefore, we speculate that the cluster development underwent two stages. The first stage is likely to be associated with the decomposition of the initial Zr clusters during their transition into La-Zr clusters. The second stage involved further growth/condensation of the clusters.
Interestingly, the solvothermal treatment impacted not only on the solution structure but also on the final material structure. It was turned out that solvothermal treatment led to a uniform structure in the precursor, which was even inherited by the final annealed oxide. Without pre-formation of a uniform cluster structure, the final material remained non-uniform even if the metal components in the precursors were well mixed on the cluster scale but not inside the clusters. This suggests that the inorganic core of the cluster in the precursor remained the structural unit after annealing, during which the organic ligands around it decomposed and the cores compacted, without significantly reacting with the surrounding components. Therefore, the solvothermally treated La-Zr solutions resulted in more uniform oxide solids with improved insulating and dielectric properties. The reorganization of the clusters under solvothermal conditions also enhanced UV light absorption and enabled film deposition under UV light at low temperature, which is presented in more detail in the following part.
Lowering processing temperature for the La-Zr-O dielectric
As mentioned earlier, a cluster core containing two or more metal elements with a structure similar to that of desired final oxide can be used as a building block for film deposition. In this method, the preferential decomposition of one metal compound over the others that causes compositional segregation is not expected to occur because the different metal elements have already been combined into one core and thermal dynamically stabilized. Hence, the decomposition and densification are similar to those occurring in binary metal oxide system. The structure of the clusters, as well as their uniformity and stability, influences the insulating properties of low-temperature deposited film.
The solvothermally treated solutions were found to have a highly enhanced UV absorption ability because of the structural reorganization of the cluster cores, which may facilitate the decomposition of their organic ligands under UV irradiation. The LZ37 films UV-annealed at 200-300°C had densities in the range of 4.3-4.5 g cm −3 , which corresponds to only 70-74% of the density of LZO crystals. An excellent insulating ability (~10 ) of the film was achieved (Figure 4(b) ). Without solvothermal treatment of the solution, the current density is several orders higher, indicating significant effect of solvothermal treatment on the improvement of the film properties. In addition to the improvement of the cluster core, the solvothermal treatment of solutions also enhances the organic ingredient to be stabilized by the UV annealing, which facilitates formation of C─O bonding. Improvements of both the cluster core and the organic ingredient greatly contribute to the enhanced dielectric properties of LZO films.
Finally, using the LZ37 film UV/O 3 -annealed at 200°C, we fabricated a TFT with a bottomgate top-contact structure. The TFT exhibited a low-gate leakage current of less than 10 pA at an operating voltage of 15 V, a large "on/off" ratio of near 10 6 , a field-effect mobility (μ) of 0.37 cm . The off current of the drain (3-30 pA) and the gate leakage (~10 pA) were extremely low and comparable to those of TFTs with the thermally grown SiO 2 insulator [36] , indicating excellent insulating property of the low-temperature-processed LaZrO. The SS value is similar to those of high-temperatureprocessed In-Zn-O/LaZrO [35] and In-Zn-O/SiO 2 (channel/gate insulator) TFTs, suggesting the similar channel/gate insulator interface properties.
Low-temperature solution-processed oxide semiconductor thin films and transistors
Introduction
Inorganic semiconductors including silicon and chalcogenides have been solution-processed into high-performance semiconductors that have better mobility (>10 cm
) and stability in comparison with organic semiconductors [37, 38] . These solution-processed inorganic semiconductors, however, generally require high annealing temperature, necessary for generating crystalline phases, impurity-free, and dense structures for device-quality films.
On the contrary, in oxide semiconductors, the amorphous phases are capable of exhibiting electron mobilities comparable to those of their crystalline phase counterparts [39] [40] [41] , which allow the exclusion of a high-temperature annealing process for obtaining crystalline phases. The conduction band minimum (CBM), which constitutes the electron conduction pathway, is composed of vacant metal cation s-states, and the spatial expanse of these s-states is greater than the inter-cation distances. The s-state spatial overlap is primarily determined by the principal 
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quantum number (n), and therefore, heavy post-transition metal cations with (n-1)d 10 ns o electronic configurations, where n ≥ 5, are ideal oxide semiconductor candidates [42] . Both In 3+ and Sn
4+
, which have the same [Kr](4d 10 )5s o electronic configuration, meet this requirement, and a highly dispersed CBM is also found in ZnO due to the small interaction distances [43] . To date, most amorphous oxide semiconductors (AOSs) are deposited on rigid substrates, such as glass and metal foil, and are processable at a high temperature (>400°C). Recent efforts to lower the annealing temperature have shown that device-quality AOSs, exhibiting high performance and device stability that are not easily achievable in organic semiconductor-based electronics, have been successfully grown on plastic substrates. In the following part, we summarize the recent advances in the development of solution-processed AOS at a low temperature. In particular, we discuss the chemical pathways (colloidal-based process, sol-gel routes, auto-combustion chemistry, and impurity-free precursor-based approach) and physical approaches by newly developed annealing techniques (photo-assisted, microwave, and high pressure), which effectively enable the fabrication of low-temperature, solution-processable, high-performance AOS-TFTs.
Approaches to low-temperature solution-processed AOS-TFTs
Chemical pathways 3.2.1.1. Nanomaterials-based process
The nanoparticles (NPs)-based chemical approach is, in principle, the promising pathway for low-temperature annealed, high-performance semiconducting layers. Nevertheless, whereas the metal NPs, smaller than a few tens of nanometers, can be melted even below 200°C due to the dramatic lowering of the melting point [44, 45] , the oxide NPs are not capable of undergoing the structural transformation into a granular film morphology at low temperatures, since the melting point of oxide NPs is not decreased depending on the particle size. This unique physical property of oxide NPs leads to the large surface area, porous, and poorly interconnected particulate film at low annealing temperatures, which limits device performance (low mobility and poor stability). For example, In 2 O 3 NPs, less than 10 nm in size and spherical in shape, have been generated through chemical synthesis and implemented into device structures by ink-jet printing even at room temperature. However, the μ was confined to 0.8 cm [46] [47] [48] , which is associated with the inefficient carrier transport at junctions between neighboring NPs.
Sol-gel chemistry
In metal salt-based sol-gel chemistry, the precursor solution is synthesized by dissolving metal salt precursors in solvents with stabilizing agents and water. The resulting metal complexes undergo a hydrolysis reaction through the loss of a proton by one or more of the water molecules that surround the metal cations in the first solvation shell. As a consequence, the aquo ligand molecule, water, bonded to the metal cation is transformed into either a hydroxo ligand, OH . Subsequently, a condensation reaction occurs due to the oxolation generating an oxo-bridge, M-O-M, allowing the formation of a metal oxide skeleton framework with a dense microstructure.
Elimination of impurities such as hydroxides, anions, and carbon along with the formation of oxygen vacancies is critical for determining properties of AOS because they not only hinder the sol-gel oxide framework formation reaction but also interrupt the efficient transport of charge carriers [49] . To enable low-temperature processable products, the thermal decomposition of metal precursors should be completed at a low temperature, as evidenced by the use of metal nitrate precursors, the anion of which is almost completely decomposed even at 250°C, instead of other metal precursors (chloride, acetate) [50] . In addition, the chemical structure should be tailored toward a framework containing less hydroxide, which can be realized by doping an element that has a high electronegativity [51] .
A "sol-gel on chip" hydrolysis approach from soluble metal alkoxide precursors was reported [52] , which affords unprecedented high μ of ~10 cm
, reproducible and stable turn-on voltage (~0 V) at maximum process temperature as low as 230°C. The approach uses the insitu hydrolysis and condensation of transition metal alkoxides when they are exposed to an aqueous environment by nucleophilic substitution, thus affording the M-O-M framework at low temperature. The process is applicable to a broad range of AOS that are of immediate interest in TFT applications.
Impurity-free precursor-based approach
The presence of impurities has a negative impact on the performance of oxide semiconductors. In this regard, the metal-hydroxide nanocluster is a viable alternative to metal-salt precursors due to the absence of impurity-containing chemical species. The metal hydroxide is converted into a metal oxide framework by a thermally activated reaction. Aqueous Zn hydroxide solution was shown to drastically lower the annealing temperature to 150°C, producing ZnO-TFT with a μ of 0.4 cm 2 V −1 s −1 [53] . Another approach for the impurity-free precursor is the use of aqueous carbon-free metal-oxide precursors such as zinc oxide hydrate dissolved in ammonium hydroxide to generate Zn ammonium complex precursor [54] . This route allows for the growth of ultra-thin (4-5 nm), high-quality polycrystalline ZnO films on arbitrary substrates. Transistors fabricated using this simple process at 180°C showed an electron mobility of up to 11.0 cm
Formation of the ammine-hydroxo complex and its low-temperature conversion to corresponding oxide, however, are generally not convenient, except for Zn. Thus, the design of a new chemical complex with the easy accessibility to other elements and the low-temperature processability for chemical transformations are essential in the impurity-free precursor-based approach.
Auto-combustion synthesis
A redox-based combustion synthetic approach was applied to oxide thin films using acetylacetone or urea as a fuel and metal nitrates as oxidizers [55] . The self-energy-generating combustion chemistry provides a localized energy supply, eliminating the need for high, externally applied processing temperatures. Furthermore, the atomically local oxidizer supply can efficiently remove organic impurities without coke formation in combustion reactions with balanced redox chemistry. 
. Microwave annealing (MW)
The use of microwave-assisted annealing enabled quick fabrication of ZnO-TFT at 140°C with a μ of 1.7 cm
, which is improved to three-to sixfolds in comparison with TFTs processed by conventional hot-plate annealing [56] . This enhanced TFT performance is attributed to the improved development of ZnO grains suitable for reducing the length of transport paths across grain boundaries and the shorter Zn-Zn distance enabling better overlap between the Zn s-orbitals, thus creating chemical structures appropriate for high-performance AOS.
Deep-ultraviolet assisted annealing (DUV)
Much efforts have also been focused on the treatment of sol-gel films by photochemical activation using deep-ultraviolet (DUV) irradiation [36, [57] [58] [59] [60] [61] . When the as-deposited film is exposed to DUV irradiation, high-energy DUV photons induce photochemical cleavage of alkoxide groups and activate metal and oxygen atoms to facilitate M-O-M network formation ( Figure 5, step 1, condensation) . Further irradiation induces a gradual removal of oxygen and carbon (and, thereby, near-complete condensation) and a transition to a film densification ( Figure 5, step 2, densification) . This DUV technique is applicable to numerous AOS. The μ of the room temperature DUV-IGZO is as high as 14.0 cm
High-pressure annealing (HPA)
HPA influences thermodynamics of solution-processed AOS films, facilitating denser film formation by reducing its thickness under a high pressure (2 MPa). In addition, high-oxygen pressure changes the Gibbs free energy of the system and strengthens the bonding between metal ions and oxygen. As a result, TFT processed at 220°C exhibited a μ of 1.7 cm 2 V −1 s −1 and high-bias stability [62] . 
Laser-assisted annealing
A femtosecond (fs) laser annealing was applied for an effective and rapid fabrication of AOS thin films [63] . The method led to improvements in μ (9.0 cm
) and in "on/off" ratio due to the efficient removal of impurities and enhanced metal-oxide composition.
A summary of solution-processed AOS-TFTs fabricated at a low temperature (<300°C) is given in Table 2 .
Conclusions and outlook
During the past decade, there has been significant active research regarding the development of high-performance semiconductors that can be generated by a low-cost, large-scale solution process. The recent progress with solution-processed, high-performance AOS confirms their potential feasibility in electronic applications. For practical realization of high-performance electronic devices even on plastic substrates, the high mobility at annealing temperature below 150°C is an inevitable requisite, which is considered achievable in solution processable AOS when the chemical/physical challenges addressed. The development of new chemical precursors for impurity-free AOS, the incorporation of dopants that can improve the electrical characteristics, and bias stability, and advanced annealing techniques for the generation of high-quality AOS would significantly improve the electrical performance of AOS processed by a solution process at a low temperature, thus making various practical electronic applications possible.
Conducing oxide thin films prepared from low-temperature solution processing
Transparent conducting oxides (TCOs) in general
The use of highly conductive and highly transparent thin films in the visible range of the spectrum is of great importance for a variety of optoelectronic device applications such as displays, solar cells, opto-electrical interfaces, and circuitries. Transparent conducting oxides (TCOs), in contrast to glass fiber, silicon, and compound semiconductors, are highly flexible intermediate states, whose conductivity can be tuned from insulating through semiconducting to conducting as well as their transparency adjustable. Furthermore, main carriers can be switched between n-type and p-type, opening a wide range of new technological applications. Ω cm, respectively. Thus, it is likely that further technological improvement in lowering resistivity of these materials is limited. However, the doped ZnO plot still presents a descending slope of improvement versus time. Therefore, it can be considered that further improvement of conductivity of ZnO-based systems would be possible. 
N-type conductive oxides
Indium-tin-oxide (ITO)
ITO is the most widely used TCOs because of its two key characteristics: conductivity and optical transparency. Conventionally, ITO films are produced by vacuum-based deposition techniques. The best resistivity of ITO film deposited by sputtering was reported as low as 1.2 × 10 −4
Ω cm [70] . As an alternative to vacuum-based deposition, recently much efforts have been focused on production of solution-based deposition for high-performance ITO films using various approaches such as nanomaterials-based [71] [72] [73] [74] [75] , aqueous metal salts solution [76] , combustion synthesis [77, 78] , and advanced annealing techniques (microwave annealing [79] and ultraviolet laser annealing [80] . A summary of properties of ITO films prepared by various solution-based deposition processes is given in Table 3 .
A redox-based combustion synthetic approach was applied to ITO thin film using acetylacetone as a fuel and metal nitrate as an oxidizer, which enabled production of high-quality ITO film at a temperature as low as 250°C [77] . The redox reaction between the fuel and oxidizer in the precursor solution generates internal heat, facilitating conversion from metal precursor to metal oxide at low temperature. The SCS-ITO thin film exhibited high-crystalline quality, atomically smooth surface (RMS ~ 4.1 Å), and low-electrical resistivity (4.2 × 10 −4 Ω cm). The TFT using SCS-ITO film as the S/D electrodes showed excellent electrical properties with negligible hysteresis. The obtained "on/off" ratio, SS-factor, V th , and μ were 5 × 10 7 , 0.43 V/decade, 0.7 V, and 2.1 cm
, respectively (Figure 8) . The performance and stability of the SCS-ITO TFT are comparable to those of the sputtered-ITO TFT, emphasizing that the SCS-ITO film is a promising candidate for totally solution-processed oxide TFTs.
Alternatives to ITO
There are increasing emphases on not only developing a TCO with higher conductivity but also with a material other than ITO. Two major concerns with ITO are the cost and the potentially limited resource.
Current candidate materials for a higher conductivity TCO are summarized in Table 4 , which include the conventional binary oxides of CdO, SnO 2 , In 2 O 3 , and ZnO, with alternative dopants, and combinations of these binaries, plus Ga2O3, in ternary, quaternary, and even quinary combination of these five oxides.
As a promising binary TCO material, ZnO is considered the prime candidate for a higher conductivity and to be low cost. However, ZnO is more sensitive to oxygen than ITO, and process control is more difficult. Work continues on improving ZnO with alternative dopants, especially Al (AZO) and Ga (GZO). As for sol-gel AZO film, the lowest reported resistivity is 1.5 × 10 −4 Ω cm [83] , which is close to that of film prepared by sputtering [84] . 
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P-type conductive oxides
Highly conductive p-type oxides serve as critical components for various technological developments such as efficient charge injection layers for light-emitting devices [85] , solar cells with better band-matching current collectors [86, 87] , invisible circuits, and applications in near-infrared optoelectronics where n-type TCOs provide poor optical transmission. In contrast to widespread use of n-type TCOs such as ITO, p-type TCOs have not been commercialized yet due to their significantly low-carrier mobility and electrical conductivity. In fact, research toward p-type amorphous TCOs is highly challenging even by using vacuum deposition techniques, which result in very limited materials: Zn-Rh-O (resistivity 0.5 Ω cm) and Zn-Co-O (0.05 Ω cm). The difficulties originated from electronic structure of p-type TCOs, which exhibits the strong localization of the upper edge of the valence band to oxide ions.
The Hosono group has initiated breakthrough research toward p-type oxides. They found a series of transparent p-type Cu oxides with delafossite structure such as CuGaO 2 and CuAlO 2 [41, [88] [89] [90] , and amorphous Zn-Rh-O, Zn-Co-O systems [41, 88, 91] . However, most of these p-type TCOs were produced by vacuum-based deposition techniques. Solution-processed p-type conductive oxides have remained very challenging.
Recently, misfit-layered Ca 3 Co 4 O 9 thin film synthesized through solution processing is shown to be high-performing p-type TCOs [92] . The synthesis method consists of sol-gel chemistry, spin coating, and heat treatment at 650°C. A resistivity and visible range transparency of 57 mΩ cm and 67%, respectively, were obtained. However, the required high-annealing temperature over 600°C may limit its practical uses.
In order to produce conductive amorphous p-type oxides from solution at low temperature, we focused on Ru oxides [93] . Crystalline RuO 2 is a well-known electrode material that exhibits metallic conduction. Initially, we found that the amorphous phase of RuO 2 is unstable, and only crystalline phase can be obtained through solution processing even at a low temperature Ω cm) (Figure 9 ). The resistivity increases with increasing Ln atomic number (Z) and changes evidently faster for Z > 64 (Gd), which may be more related to the influence of 4f electrons (4f subshell is more than half-filled at Z > 64) than to the decreasing size of Ln ions. These oxides are thermally stable to a high degree, being amorphous up to 800°C, and processable below 400°C. in Zn-Co-O). Second, the conduction of amorphous La-Ru-O (semiconducting) is completely different from that of crystalline phases (e.g., La 3 Ru 3 O 11 and La 4 Ru 6 O 19 , which are both metallic). Third, the resistivity of solution-processed a-La-Ru-O is lower than that of the sputtered sample. Hence, detailed understanding of the electronic structure of these materials and the mechanism underlying processing-composition-conduction correlation is of fundamental importance for future research.
The unique properties of amorphous p-type oxides have high potential for use in printed electronics, e.g., as gate electrode in n-type oxide TFTs [33, 94] , and may be modified to use as p-channel in TFTs or as an active layer in solar cells. The narrow band-gap is advantageous for light absorbing in solar cells. The electronic configurations of these amorphous oxides are apparently not analogous to those of known p-type oxides. This deserves theoretical investigation and suggests that more p-type amorphous oxides are ahead of us.
It is known that the conduction of ruthenium pyrochlore, A 2 Ru 2 O 7 , is sensitive to the type of A element. These compounds are semiconducting for A = Y and the lanthanides Pr-Lu, and weakly metallic for A = Bi and Pb. The Ln of the aforementioned oxides was thus replaced with Bi and Pb, leading to low-resistivity amorphous oxides produced at low temperatures [95] . The lowest necessary temperatures for a-BiRuO, a-PbRuO, and a-BiIrO were 240, 290, and 350°C, respectively, resulting in RT DC resistivities of 3.8, 1.7, and 3.8 mΩ cm, respectively. The resistivity of a-BiRuO film has nearly reached the value of crystalline bulk Bi 3 Ru 3 O 11 (1.4 mΩ cm), which suggests that the films are of high quality. In p-type oxides, the low-resistivity values of these amorphous oxides are matched only by epitaxial LaCuOSe:Mg annealed at a high temperature of 1000°C (1.1 mΩ cm). A summary of electro-optical characteristics of some solution-processed p-type conductive oxides is given in Table 5 .
Applications of solution-processed functional oxides for TFTs and display
Low-temperature all solution-derived amorphous oxide TFTs
TFTs, in which all the layers were fabricated using simple chemical solution-processed, vacuum-free routes, followed by thermal annealing at 400°C, were demonstrated [34] . A ruthenium oxide (RuO 2 ) was used for both gate and source/drain electrodes. Amorphous LZO and zirconium-indium-zinc oxide (ZIZO) films were used as the gate insulator and channel layer, respectively, which enabled the fabrication of a TFT with the desired performance at a sufficiently low temperature. Transfer characteristics of the low-temperature all solutionprocessed TFT are shown in Figure 10 . The obtained "on/off" ratio, SS-factor, and μ were , respectively.
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Electrophoretic display driven by all solution process active-matrix oxide TFTs
Precursor solutions and a solution process were developed for the fabrication of active-matrix amorphous oxide-TFTs [102] . The gate lines (GE), gate insulator (GI), and channel layer (CH) comprised RuO 2 , LZO, and ZIZO films, respectively. The polysilazane-based silicon dioxide (PSZ) film was used for the channel stopper (CS) layer. The source and drain (S/D) electrode had a double-layer structure comprising ITO and RuO 2 films. The silsesquioxane-based silicon dioxide (SQ) and RuO 2 films were used for the passivation layer (PV) and pixel electrodes (PE), respectively (Figure 11(a) ). Details of the precursor solutions and annealing conditions for the film formations are summarized in Table 6 . The TFTs exhibited a μ of 2.68 cm
a SS-factor of 1.09 V/decade, a V th of 3.06 V, and an "on/off" ratio of 10
5
. Electrophoretic displays (EPDs) with a resolution of 101.6 ppi were successfully fabricated using the all solutionprocessed active-matrix TFTs (Figure 11(b and c) ). Bi-stable black/white images were retained after cutting of the power supply and video signal in these TFT-EPDs (Figure 11(d) ). It is considered that low-cost electronic paper can be realized using this technology in the near future.
Direct printing of oxide TFT by nano-rheology printing
Among various solution-based approaches, a direct printing is a promising low-cost technique for fabricating oxide TFTs. The printing technique offers several advantages in manufacturing electronics such as a direct writing of materials, reduction of materials waste, and reproducibility with high resolution, which are not affordable from other solution-based approaches [103] [104] [105] . While many printed organic TFTs have been reported, relatively fewer studies, associated with directly printed oxide TFTs, have been pursued [17, 33, 106] . Furthermore, the printing has mainly been applied for metal-oxide semiconductor as the channel layer, while other layers such as GE, S/D, CS, and PV were fabricated by other techniques.
Recently, a new printing method, so-called nano-rheology printing (nRP), for metal oxide patterns within sub-micrometer range, was introduced [33] . The nRP method, which is a type of direct thermal imprinting, uses viscoelastic transformation like glass transition of oxide , which corresponds to a resolution of 101.6 ppi. The aperture ratio was 84.6%.
Layer Materials
Precursor material Solvent Annealing condition precursor gels when imprinted; it softens at a certain temperature during thermal imprinting so that the gel can be rheologically imprinted. The total process for the nRP method is illustrated in Figure 12 . A thermal nanoimprinting machine (ST-50, Toshiba machine) has been Green Electronicsused. First, a solution is coated and dried to make a semi-solid thin film (1). It is then loaded onto the heating stage of the imprinting machine, after which a mold is set onto the semi-solid film and pressure is applied (2) . At this point, almost no deformation occurs. When the temperature is increased, the semi-solid film will suddenly soften at a certain temperature (2-3). The imprinting temperature (T im ) is maintained to complete the imprinting (3). Next, the temperature is lowered, and then, the mold is detached (4) . Although a small amount of residual film is remained, it can be easily removed by etching in atmospheric air and other such simple methods. The etching process slightly reduces the sharpness of the edge but has no other significant influence on the pattern geometry. Well-defined patterns of various functional oxide materials including insulators (ZrO 2 , SiO 2 ), semiconductors (IGZO, SnO 2 ), and conductors (La-Ru-O, ITO) with the size down to several 10 nm were successfully produced by the nRP method [33, 107] . The imprinted patterns show very small shrinkage during post annealing, thereby achieving a high-shape fidelity to the mold. This results from the metal-oxide condensation at imprinting. The viscoelastic transformation and metal-oxide condensation at imprinting constitute the basics for the nRP method, which is closely related to the cluster structure in the precursor gel. Operation of totally rheology-printed oxide TFT (nRP-TFT) has been demonstrated ( Figure 13 ) [94] . The obtained "on/off" ratio, SS-factor, and μ were 10 , respectively. Furthermore, excellent TFTs with sub-micron channel length could be completely printed by this method in an air ambient [33] . Active-matrix oxide-TFT array totally printed by the nRP method for display application has also been demonstrated [108] , indicating great promise for large-area low-cost printed electronics application. 
GE
Conclusion
Solution-processed functional oxide materials deposited at a plastic-compatible temperature play a central role in the emerging printed electronic devices. The chapter critically reviews recent advances in the development of low-temperature solution-processable functional oxide materials including dielectric, semiconducting, and conductive thin-film oxides for printed electronics and highlights the challenges for the fundamental understanding and practical implementation of complex oxides in devices. Properties of oxide films and devices prepared from solution-based processes at a low temperature are now approaching those of vacuum-based counterparts. In addition, ultrahigh resolution printing technologies have been introduced enabling a feasible low-cost fabrication of electronic devices on a large area without the need of sophisticated lithography and vacuum systems. The remaining challenge lies in the production of p-type semiconducting oxide thin film whose performance must be improved to reach that of the n-type counterpart. Once both n-type and p-type oxide TFTs are ready, all-oxide CMOS, a building block of many electronic devices, can be realized.
Together with advanced printing technologies, it is expected that a truly printing of electronic devices has high potential to replace conventional production line in the near future.
